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1ABSTRACT
Fly ash produced from "burning fossil fuels presents an air pollution 
problem when it is discharged into the atmosphere. Fly ash can be removed 
from gases using electrostatic precipitation. Efficiency of precipitation 
depends to a large extent on the bulk electrical resistivity of the fly 
ash which in turn depends on conditions such as ash temperature9 moisture 
content of the gas, and ash composition. Bulk electrical resistivity is 
the total resistivity of a dust layer,
A bulk electrical resistivity testing apparatus was built and operated 
according to the American Society of Mechanical Engineers Power Test Code 28 
to investigate the resistivity characteristics of fly ashes from low-rank 
Western coals.
For statistical purposes, experimentation was set up in a factorial 
design to obtain desired information from minimum testing. The effects of 
the test variables were analyzed by use of variance,, regression, and graphical 
methods,
Results showed that temperature, moisture, and chemical composition, 
particularly the amount of Nao0, had large effects on ash resistivity. 
Increasing temperature below about 300° F causes resistivity to rise, but 
increasing temperature above about 300° F causes resistivity to drop. 
Resistivity decreases as the moisture content of the gas increases.
Resistivity also decreases as the sodium content of the ash increases. Size 
distribution had very little influence on bulk electrical resistivity.
Further testing should be done using the "in-situ" method of 
resistivity measurement to obtain data at the flue gas conditions 
actually existing in a precipitator.
viii
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INTRODUCTION
Burning of fossil fuels, particularly coal, in installations such 
as powerplants produces a fine dust called fly ash in the gas emissions. 
Removal of fly ash from the gas presents a problem, the solution 
of which has been approached by several methods. One of the 
most important methods and one which has been gaining in importance 
is electrostatic precipitation.
Knowledge of electrostatic attraction for small particles goes back as 
far as 600 B.C., but electrostatic theory was not developed until Coulomb 
discovered the inverse square law in 1785 (l). Based on research by Sir 
Oliver Lodge, electrostatic precipitation was tried commercially on lead 
fumes in 1885. Further work by Fredrick G. Cottrell led to the successful 
use of a precipitator on sulfuric acid fume in 1906. From these beginnings, 
the use of electrostatic precipitation spread to the fields of metallurgy, 
steel, cement, chemicals, fuels, paper, and electrical power.
Use of electric power is increasing, and with this increase the 
number of powerplants burning coal is also increasing. This is where the 
air pollution problem of fly ash emission arises.
Air pollution has become an important factor in the power industry.
Most states have standards for control of particulate emission which are quite 
stringent and which require an efficient removal technique.
To be effective in removing fly ash, an electrostatic precipitator 
must be very efficient. Efficiencies in the range of 99 to 99.7 percent 
are necessary to meet standards for clean gas. There are several factors 
which affect precipitator performance, but the most important of these 
is the bulk electrical resistivity of the ash.
White and others have done work on the resistivity effects of fly 
ash on precipitation, but very little information is available on fly ash 
from lignite and other low-rank. Western coals (l). Because of present and 
future use of these coals for power production, knowledge of their fly ashes 
is necessary for air pollution control. It is for this reason that this 
test program was undertaken in conjunction with ash fouling studies being 
carried out by the Grand Forks Coal Research Laboratory of the U.S. Bureau 
of Mines.
Experiments were run to determine the effects of ash composition, 
temperature, moisture, and size on the resistivity of fly ash. The results 
are presented and interpreted, and suggestions for future work in this area 
are given.
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CHAPTER I
THEORY
To understand a discussion of bulk electrical resistivity, a knowledge 
of the process of electrostatic precipitation is required, As will be 
explained, resistivity is an important variable affecting precipitator 
performance.
An electrical precipitator is an apparatus which uses electric forces 
to separate suspended particles from gases. This requires three steps?
(l) electrical charging of the suspended particles, (2 ) collection of the 
charged particles in an electrical field, and (3 ) removal of the 
precipitated material from the collecting electrodes to a receptacle 
external to the precipitator (l).
To charge the particles a high-voltage direct-current corona is 
used. This corona is formed between a high voltage wire and a cylindrical 
or plate ground electrode and is usually a negative corona for industrial 
applications. The corona can be seen around the wire as a visible glow 
which contains both positive and negative ions. If the wire is negative, 
the positive ions will be attracted to it leaving about 99 percent of the 
remaining space between the wire and the ground electrode containing only 
negative ions. Particles which pass through the corona field become negatively 
charged either by bombardment or by ion diffusion. Each one-micron particle 
receives about 300 electron charges.
The charged particles are accelerated towards collecting electrodes 
by a high voltage D.C. field with each particle given a force determined 
by Coulomb"s law. This force is typically about 3,000 g for a one-micron 
particle.
When a particle reaches the collecting electrode, it loses its charge 
and assumes the polarity of the plate. Since it now has the same charge as 
the plate, it is repulsed. If the repellant force is greater than the 
adhesion forces, the particle is pushed back into the gas stream. If the 
electrode has a layer of dust, each particle will be bombarded by electrons; 
therefore, in order for the precipitation process to work, the particles 
must be capable of conducting some of these electrons through the dust 
layer. The net force on a particle depends on the resistivity and the 
cohesive properties of the particles and can be either attraction or 
repulsion. Resistivity is defined as the inverse of conductivity and is 
usually given the units, ohm-cm. The term bulk electrical resistivity is 
often used because resistivity measurements are made across a layer of dust 
and show the total resistivity of the layer. This total resistivity 
includes the resistivity of the particles and of the spaces between the 
particles. Conduction through a layer of particles differs from conduction 
through a solid homogeneous mass.
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The particles are removed from the collecting electrodes by mechanical 
rapping which causes them to dislodge in the form of conglomerates and 
drop into a collecting receptacle„
Of the several variables affecting electrostatic precipitation,, 
resistivity is probably the most important and has been classified into 
three groups (2)%
Cl) Below about 10 ohm-em,
O 10(2) Between about 10° and 10 ohm-cm, and
(3) Above about lO"1"0 ohm-cm.
Particles in the first group are difficult to precipitate, those in the 
second group can be precipitated by normal means, and those in the third 
group cannot be precipitated by normal means (2 )„
A particle with low resistivity easily loses its charge to the collecti 
plate and on taking the charge of the plate is repulsed into the carrier 
gas. Particles in the second group lodge on the dust layer, and their 
charge leaks away at a rate which allows them to maintain the polarity 
of the oncoming particles. Materials which have high resistivity cause 
a phenomenon called sparkover or back corona.
Back corona occurs when the collecting electrode is covered with dust. 
As the dust layer becomes thicker, the corona current decreases, and the 
voltage across the dust increases until dielectric breakdown occurs. This 
phenomenon can be seen as small holes in the dust layer from which the 
back corona emerges. The back corona causes reentrainment of deposited 
particles in the gas and, as a result, lowers precipitation efficiency.
Conductivity of a dust layer is usually classified into two types, 
surface or volume conductivity. Below about 250° F each particle has a 
surface layer consisting of water and/or other chemical substances which 
have been formed or deposited on the particle surface. Conduction appears 
to occur ionically through the film, and the films need only to be a few 
molecules in thickness. Volume conduction occurs when current is conducted 
either ionically or electronically through the body of the particle. Volume 
conduction becomes more important above about 250° F and depends on temperat 
composition, size, shape, surface properties, and compression of the particl 
The typical relationship between resistivity, temperature, and moisture for 
fly ash can be seen in figure 1 (l)„ At low temperatures the resistivity 
is low if moisture is present. It gradually increases to a peak 
at about 250° F and then decreases as temperature increases to 500°
F. Left of the peak the conduction is largely through the surface 
film, and as temperature increases, the film evaporates increasing 
the resistivity. On the right side of the peak, temperatures are high 
enough to allow conduction through the body of the particle to predominate 
over surface conduction. The resistivity then decreases as the temperature 
rises. If the ash is bone dry, resistivity is high at low temperatures 
and decreases linearly with increase in temperature.
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Fig. I -  Particle resistivity as a function of temperature and 
moisture content of the ambient gas ( I ) .
As the curves also show, the resistivity decreases as the moisture 
content of the gases surrounding the ash increases. This resistivity 
decrease with increasing gas moisture supports the concept of surface 
conduction since the moisture layer on each particle would become thicker 
as the moisture content of the gas increased and more conduction could 
occur.
The fact that surface films have a large affect on resistivity 
at low gas temperatures provides a basis for the concept of conditioning 
agents. Conditioning agents are substances which increase the conductivity 
of dusts by providing conduction paths through the dust layer. Conditioning 
methods include the addition of moisture, chemicals, or conducting particles. 
As has been shown, moisture is only effective at lower temperatures. Chemical 
conditioners are not well understood, but may help adhesion of moisture 
on the particles. Conditioning through the use of conducting particles 
is often inefficient since large amounts of conditioning material are 
usually required. Conditioning can occur naturally from the gas which 
carries the particles, and because of natural conditioning it is 
desirable to measure dust resistivity under the conditions in which the dust 
is being precipitated. This is not always possible; therefore, resistivity 
is usually measured at some condition approximating an actual situation 
and is termed apparent resistivity. The resistivities discussed in this 
paper are apparent resistivities.
Although fly ash resistivity has been investigated in the past, little 
is known about fly ashes from low-rank Western coals (l)(3)(U). These 
coals are becoming increasingly more important to the nation's total 
energy concept as their low sulfur content and excellent combustion 
characteristics become more generally known.
Fly ash properties vary depending on the firing method, the type of 
coal and on how the furnace is operated. Removal of fly ash from the carrier 
gas is necessary for prevention of air pollution, but the concentration 
and diversity in the composition of the ash may make removal difficult.
The characteristics of fly ash resistivity are similar to the general, char­
acteristics which have been discussed.
Several factors affect fly ash resistivity. If combustion is 
incomplete, ash may contain carbon, and too much carbon will lower resistivity 
to the point where precipitation is difficult. Carbon in the ash is not 
a problem for low-rank coals. Part of the ash constituents may be water 
soluble which will affect the type of film which forms on the particle 
surfaces and, as a result, affect the resistivity. Temperature and moisture 
of the carrier gas also affect fly ash much as they do other types of dust, 
but it appears that natural conditioning agents could be the major influence 
on fly ash resistivity. Sulfates appear to be the most important fly ash 
conditioning agents. Sulfate conditioning occurs on the particle surfaces 
and has been found to be in the form of SO^ or HgSO^ in the flue gas.
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Sulfur trioxide is found in only small amounts in the flue gases formed 
from burning low-sulfur Western coals. Experimentation has been done 
to test the conditioning by SO^ and SC* . Several investigators have found 
that injection of SO^ into flue gases Has improved precipitation efficiency 
markedly (2)(5)(6)° ^Sulfur trioxide* either injected or naturally 
occurring in the flue gas* which clings to particles does not contribute 
to air pollution since it is removed with the particles which are separated 
from the gasc
There have been four approaches proposed for treating resistivity 
problems including maintaining extremely clean electrodes* changing electroi 
design, increasing precipitator size* and conditionings Maintaining 
extremely clean electrodes is normally impractical* changing electrode 
design does not work* and increasing precipitator size is practical 
only to a limited size increase. Conditioning is the only approach 
to alleviating resistivity problems that has been shown to be both 
practical and efficient (5)(6). Busby and Darby conclude that 
conditioning is the best and maybe the only way to successfully maintain hi; 
precipitator efficiency (7 ).
Resistivity measurement is usually done by either of two methods (8). 
The laboratory method* which was used for the present experiments* 
consists of a high-voltage conductivity cell which is mounted in an oven 
having controlled temperature and humidity, A high-tension disc electrode 
is lowered onto an ash layer several millimeters thick, and the current 
through the ash layer is measured at a voltage near the breakdown voltage 
of the ash. Samples for the laboratory method are taken from ashes which 
have been previously collected toy some means. In the second or "in situ" 
method, part of the actual flue gas containing fly ash is vented through 
a point-plane apparatus and a layer of the ash precipitated, A disc electrc 
is lowered onto the precipitated layer* and current readings are again 
taken near breakdown voltages. A modification of the "in situ" method 
involves current from a corona point rather than from a disc electrode.
The first method described has the advantage of controlled conditions, 
but use of the in-situ method has the advantage of measurement which is 
done in the field under actual precipitator operating conditions.
Field measurement allows resistivity values to be immediately available.
Ash resistivity is an important variable in the operation of electroste 
precipitators, and precipitators are important in the control of fly ash 
particulate emissions. Investigation of fly ash resistivity characteristics 
should provide data of value to those installations which use combustion of 
coal as a source of energy.
CHAPTER II
SCOPE OF THE INVESTIGATION
Using the theory of resistivity as a basis, a study was formulated 
to investigate the resistivity characteristics of fly ash from several 
low-rank Western coals. The following effects on fly ash resistivity were 
investigated? temperature, ash type or composition, moisture content of 
the surrounding gas, and particle size.
It was decided to test resistivity in the temperature range of 
100° to 600° F for several reasons. Previous research has shown that 
above 600° F, the variation of resistivity with temperature is nearly 
linear and is not affected by moisture or surface condition (9). As was 
discussed in the chapter on theory, the curves of resistivity versus 
temperature in the 100° to 600° F range are bell-shaped for some substances, 
including some fly ashes, and this same characteristic had to be investigated 
for the ashes used here. Another factor influencing the selection of this 
temperature range was that the pilot electrostatic precipitator used at 
the U.S. Bureau of Mines Grand Forks Coal Research Laboratory can operate 
satisfactorily in this temperature range and was being used on the types of 
fly ash selected for resistivity experimentation (10). Statistical design 
also was considered in the temperature selection, but this will be discussed 
later.
To test the effect of ash type and chemical composition on 
resistivity, ashes were selected to compare high and low percentages of 
the four chemical components of fly ash which would be suspected to have 
the greatest effect on fly ash resistivity and which have the greatest 
variability in fly ash from lignite. The chemical components investigated
were SiO^, CaO, Na^O, and S0~, and ash samples were chosen so resistivities
could be compared for two ashes having large differences of one component 
while other component differences were small. To check for the effect 
of sulfur on resistivity, two comparisons were made. A high SO -high Na20 
ash was tested against a low SO^-high Na20 ash, and a high SOo-Iow Na 0 
ash was compared to a low SO^-low Na20 ash. Sulfur trioxide in the flue 
gas has a large effect on resistivity. Whether it has any effect as a 
component of the ash will be shown by the above comparison. To find the 
effect of CaO on resistivity, a high CaO ash was compared to a low CaO 
ash. All other component differences were kept as small as possible.
Some researchers suspect that calcium could have an effect on fly ash particle 
formation; therefore, it might also effect resistivity (ll). The effect 
of SiOp was checked by comparing a high silicon ash with a low silicon 
ash. Silicon is one of the major components of fly ash, and because it 
is itself highly resistive, the percentage in the fly ash should have a 
large effect on ash resistivity. High and low Na?0 ashes were compared 
to find the effect of sodium on ash resistivity. The amount of sodium 
is important in determining the fouling characteristics of an ash and could 
be important in precipitator performance. Each of these ash components 
which were investigated will be explored further for comparison purposes 
in the discussion of results.
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It is known that the moisture content of the carrier gas affects fly 
ash resistivity; therefore, the magnitude of its effect on one of the ash 
types selected was studied (12)(13). Resistivity was found at 0, 5, and 
10 percent humidity by volume. These levels were selected because 
they gave the widest range of humidity possible with the equipment used, 
and the five percent increases could be controlled. Flue gas from lignite 
typically contains about ten to fifteen percent moisture.
The effect of particle size on resistivity was found by using one ash 
type which had been broken down into four size fractions by a Bacho 
microparticle classifier: -1.4 microns, 1.4-4.7 microns, 4.7-21.0 microns, 
and +21.0 microns. These four fractions were used because they each contained 
enough sample to use for resistivity measurement.
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%CHAPTER III 
APPARATUS
Bulk electrical resistivity measuremeents were made with an apparatus 
which was designed and built according to the American Society of Mechanical 
Engineers Power Test Code 28 (iH). It was designed to give control of 
both temperature and humidity of the samples of ash being studied,,
The Power Test Code does not specify the exact method of temperature 
and humidity control but does specify the type of resistivity measuring 
electrode to be used. This leaves the design of temperature and humidity 
control apparatus up to the experimenter (plate l).
Temperature control was maintained by an oven consisting of two 
concentric cylinders separated by three inches of ceramic fiber insulation 
(figure 2). The outer cylinder was made of mild steel and is 3U inches 
high and l6 inches in diameter. The inner cylinder was constructed of 
stainless steel and is 28 inches high and 10 inches in diameter. Heating 
is done using strip heaters totaling 3,000 watts which were placed around the 
outside of the inner cylinder. The wattage was calculated to allow the oven 
to be heated to a maximum of 800° F in approximately one-half hour and to 
maintain any temperature between room temperature and 800° F. Oven 
temperature was sensed by a thermocouple placed near the back wall of the oven 
on a horizontal plane with the ash sample. This thermocouple was corrected 
to read the temperature of the ash sample by comparing temperature readings 
from it to those from a thermocouple placed directly in the ash. Temperature 
was controlled by the operator by turning on the power to the strip heaters 
for short periods of time. This method allowed temperature control within a 
few degrees of the desired level which was better than could be achieved by 
using an automatic controller.
Humidity control was done by bubbling air through distilled water 
in a bubbler at a set temperature which was maintained by a constant temperature 
bath (see figure 2). The air was preheated by passing it through coils in the 
bath and was then bubbled through the water and fed into the oven at a rate 
which gave an air turnover rate in the oven of about 8-10 times per hour.
To prevent condensation in the lines from the bubbler to the oven, they were 
heated using a heat tape and a hot air blower.
Humidity was checked periodically using an Atkins pistol-type psychrometer. 
Humidified air from the bubbler was run directly into the psychrometer, and 
wet and dry bulb temperatures taken. Percent humidity was then found using 
a psychrometric chart (1 5 ).
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Plate I Laboratory arrangement of bulk electrical resist ivi ty measuring apparatus
Air
supply
Fig. 2 -  Temperature and moisture control apparatus for  bulk electr ical 
resistivi ty measurement.
It was found that close control of humidity was difficult with day to 
day ambient conditions having some effect. Also the water level in the 
bubbler and the rate of air through the bubbler seemed to affect the 
humidity. Humidity control was good enough to give good replication of 
results at most operating temperatures and to allow study of resistivity 
changes for changes 6f five percent by volume in humidity. Humidity 
could be changed by changing the temperature of the water bath and by 
changing the distance of the hot air blower from the air lines. Because 
of the nature of the equipment, reaching a desired humidity level had to 
be done by trial and error.
The actual resistivity measurements were made using a movable disk 
electrode (see figure 3). This electrode was designed to put a pressure of 
10 grams per square centimeter on a layer of ash five millimeters thick as 
specified by the PTC-28. The ash sample container and the electrode 
were made of sintered stainless steel of 25 micron porosity to allow good 
contact between the ash and the humidified air. The electrode could be 
raised or lowered by a crank on the outside of the temperature control oven.
The electrical circuitry of the resistivity measuring apparatus is 
shown in figure U. A high voltage supply with a range of 0 to 1200 volts 
was wired to the sample pan electrode. Current passing through the sample 
layer from the sample pan to the measuring electrjjje was read by an electro­
meter capable of reading currents from 0.3 to 10” amperes. Coaxial cable 
was used on the voltage source and electrometer to shield against external 
noise. For safety, the voltage was automatically stopped, and the electrodes 
grounded whenever the door to the oven was opened.
To check the finished resistivity measuring apparatus for accuracy, a 
one cm cube of dielectric-1 was wired into the apparatus in place of the 
electrode system. Resistivity values for this cube at different temperatures 
were compared to values given by the supplier of the dielectric. As shown 
in figure 5, the resistivity values found at 500 volts compared well to the 
standard values. An even better comparison was found between these experimental 
values and experimental values found previously by the U.S. Bureau of Mines 
Morgantown Coal Research Center for a similar dielectric cube (U).
1U.S. Stoneware Co. (Orrvile, Ohio). Alite. Bull. A-7R, 1958, 8 pp.
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Fig. 3 - Resis t iv i ty  measur ing e lec t rode (ASME PTC 2 8 ) .
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Fig. 4 - Circuit  diagram for resist iv i ty  measur ing apparatus.
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Fig. 5 -  Calibration of resistivi ty apparatus using a one cm 
cube of dielectr ic material  (Alite A 2 I2 ) .
CHAPTER IV
PROCEDURE
The procedure used is based on the standard procedure set by the 
American Society of Mechanical Engineers and the Air Pollution Control 
Association but is modified to allow investigation of the necessary variables0 
APCA standards specify that resistivity should be measured at a voltage 
corresponding to 85 to 95 percent of the breakdown voltage of the ash and 
that the ash temperature should be 300° P at a humidity of five percent 
by volume (8), With the voltage supply used, breakdown voltages 
could not be reached for most of the ash types being considered, Also since 
temperature and humidity effects were studied, the temperature and 
humidity conditions specified in the standards could only be one of several 
sets of conditions under which resistivity was determined.
It was decided to run all resistivity tests at 1,000 volts unless the 
ash broke down at lower voltage,, This voltage was picked because of 
convenience and because it was close to the peak voltage of 1,200 volts 
possible from the voltage source, Most ashes break down above 1000 volts 
and more accurate resistivity values might have been obtained if breakdown 
voltages would have been possible, although other experimentors have used 
constant voltage for resistivity measurement (U), A comparison was made of 
resistivity of one ash measured at 500 and 1000 volts. Resistivity was 
slightly higher at 1000 volts, but the difference was too small to be 
significant.
An experimental run consisted of taking current readings through 
five millimeters of the ash sample at temperatures varying between 
100° to 600° F in 100° F intervals at a selected humidity level.
The steps in the test procedure were as followss
1, Place sample in sample pan and lower the electrode to the 
sample surface,
2, Heat water bath and turn on electrometer and voltage supply for 
warmup„
3, When oven reaches 100° F and water bath reaches desired temperature, 
start the flow of humidified air and start the timer,
H, After one-half hour, step the applied voltage to 1,000 volts 
in steps of 100 volts,
5, After a total elapsed time of one hour, take current readings 
every five minutes until readings over a 15-minute span are within 
10 percent of each other.
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6. Raise the oven temperature to the next higher level and allow 
to heat soak for one-half hour.
7. Repeat the current reading procedure,
8. Repeat steps 6 and 7 until the final temperature of 600° F 
is reached.
As the voltages are increased, the ash should be checked for dielectric 
breakdown. Air flow remained constant throughout the run. After each 
run, the electrode was grounded and allowed to cool before cleaning. 
Each experimental run took approximately eight hours.
Resistivity of the ash was calculated using the stabilized current 
readings by the following formula (lU);
where? r = resistivity (ohm-cm)
L = thickness of ash layer between the electrodes (cm)
A = cross sectional area of electrode connected to electrometer (sg 
V = applied voltage (volts)
I = corresponding current (amp)
All ashes used for resistivity measurements were analyzed for particle 
size distribution and chemical composition. Size analysis was done with a 
Bahco microparticle classifier and gave weight percents in the following 
micron size ranges? -1 ,1*, l.U-2.3 , 2.3-H.7, U.7-8.2, 8.2-1 2 .0, 1 2 .0-2 1.0, 
21.0-26.5, 26.5-29.5, +29.5. Chemical analysis was given in weight percent 
the following components? Si02, A120^» Fe20^, TiOp, P2O5 , CaO, MgO,
Na20, K2O, SO3 . Spectrophotometric methods of analysis were used for 
Si02, Al20_, FegO^, Ti02, and PpO^. Chelatometric titration was used 
for CaO and MgO, and flame photometry was used for Na20 and K^O. Sulfur 
trioxide was analyzed by the sodium carbonate fusion procedure.
All test results were analyzed graphically and statistically. The 
statistical methods used were analysis of variance and regression with 
the regression being done by a computer. The results of statistical and 
graphical analysis are presented in the discussion of the results.
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CHAPTER V
MATERIALS TESTED
The resistivity testing was done on samples of fly ash from eight North 
Dakota lignites and one bituminous coal from Arizona,, These fly ashes 
had been collected in a cyclone dust collector during ash fouling 
testing carried out at the U,S, Bureau of Mines Coal Research Laboratory 
at Grand Forks, North Dakota, Table 1 lists the symbols used to 
designate the ashes and gives their rank and the location of the 
coal mine.
TABLE 1
DESCRIPTION OF COALS BURNED TO OBTAIN FLY ASH 
USED IN TEST PROGRAM
Report
symbol Coal rank State County Mine
Z-3 Lignite N„ Dak o Mercer Indianhead
BN-U Lignite N. Dak, Burke Baukol-Noonan
Z-l Lignite N„ Dak, Mercer Indianhead
V-2 Lignite N„ Dak„ Ward Velva
GH-3 Lignite N. Dak, Mercer Glenharold
B-STD Lignite N. Dak, Mercer Beulah
Bl.M. Bituminous Arizona Apache Black Mesa
BN-1 Lignite N. Dak, Burke Baukol-Noonan
B-l Lignite N„ Dak, Mercer Belli ah
Each ash was analyzed for particle size distribution and chemical 
composition as discussed in the chapter on procedure. The ash 
comparisons used for experimentation and the chemical analysis of each 
ash are given in Table 2, The particle size analysis of each ash is 
given in Table 3,
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TABLE 2
Component,
weight
percentage
ANALYSIS OF FLY ASHES USED FOR RESISTIVITY TESTS
Ash type Z-3 BN-U Z-l V-2 GH-3 B-STD V-2 Bl.M BN-1 B—1
Component High S03 Low S03 High S03 Low SO3 High Low High Low High Low
comparison High NagO High Na20 Low NagO Low Na20 Sl02 Si02 CaO CaO Na20 Na20
Si02 16.6 26.3 20.5 25.9 37.0 20,1 25.9 38.3 21.5 20.7
M 2°3 10.9 15.1+ 11.8 13.0 lU.5 12.8 13.0 21.1+ 15.0 16.1+
Fe203 To 6 8.1 8.9 3.8 5.7 9.6 3.8 7.1 6.1+ 13.1
Ti02 0.5 0.2 0.6 0.5 0.5 0.6 0.5 1.2 0.5 0.3
P2°5 0.8 0.3 0.8 0.1 O.U 0.5 0.1 1.0 0.5 0.1
CaO 27.2 26.8 33.3 33.1 21.5 2U.5 33.1 20.2 21+.5 31.0
MgO 7.1 7.8 8.6 8.7 6.1+ 9.9 8.7 U.9 6.2 6.1
Na20 8.1+ 10.3 3.9 3.9 7.2 7.1+ 3.9 2.8 13.8 3.2
k2o 0.2 0.2 0.2 0.2 0.8 0.3 0.2 0.2 0.2 0.1+
s o 3 20.3 1.9 8.7 2.7 1.9 9.5 2.7 3.1 7.U 8.5
99.6 97.3 97.3 91.9 95.9 95.2 91.9 1 0 0 .2 9 6 .0 9 9 .8Total
TABLE 3
SIZE ANALYSIS OF FLY ASH SAMPLES 
FROM BACHO MICROPARTICLE CLASSIFIER (WEIGHT PERCENT)
Size range (microns)
Ash type l.U-2.3 2.3-U.7 U.7-8.2 8.2-12.0 1 2 .0-21.0 21.0-26.5 26.5-29.5 +29.5
Z-3 1,8 6.6 33.1 33. U 1 H .8 8.1 1 .2 O.U 0.6
BN-U 1 .2 5.1 2k.h 27.8 19.1 16.2 3.2 1,0 2,0
Z-l 2 .1 6.9 26.3 31.0 17.5 12.0 2.0 0.7 1.5
V- 2 1.5 5.3 21.0 33.1 20.0 I h . k 2.5 0.7 1.5
Bl.M 1.3 U.l 18 .1 22.8 20.6 23.6 U.5 l.U 3.6
GH-3 1 .2 5.0 25.6 28.6 17.7 16.3 3.0 1.0 1.7
B-STD 0.6 U.l 26. k 35.3 17.5 12.0 2 .1 1.6 1.5
BN—1 2 .1 6.6 28. U 30.5 17.1 10.8 1.8 0,5 2,2
B-l 1 .2 U.5 23.0 26.8 18 .1 18.9 5.1 1 .2 1 . 1
CHAPTER VI
STATISTICAL ANALYSIS
For statistical purposes, the experiments were set up in three 
factorial designs. These designs allowed the most information to be obtained 
from the fewest possible number of tests. Factorial designs are used when 
a response is affected by two or more treatment factors which is the case for 
fly ash resistivity (l6)„ The method of calculation used is that given 
in chapter 13 of Wine (l6).
The first design used temperature as one factor and ash type as the 
second. Analysis of variance applied to this design will show whether 
ash type or temperature have an effect on resistivity, and will give some 
idea of the magnitude of this effect. The temperature factor had six levels, 
and the ash type factor had ten levels. A resistivity value was found 
for each combination of temperature and ash type and each test was replicated 
giving a total of 120 data points in the design. The treatment factors and 
their levels are shown in table U,
TABLE k
VARIABLES AND LEVELS FOR TEMPERATURE-ASH TYPE FACTORIAL
Level
Factor 1 2 3 k 5 6 7 8 9 10
Temperature, °F 100 200 300 Uoo 500 600
aAsh type Z-3 BN-U Z-l V-2 V-2 Bl.M GH-3 B-STD BN—1 B—1
aAn explanation of symbols for ash type can be found in Chapter V, 
Materials Tested.
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The second factorial design uses temperature and particle size as fact 
Again six temperature levels are used along with four different particle si 
ranges. Each test is replicated giving a total of U8 data points in the 
design. This design will indicate whether particle size as well as tempera 
affects resistivity and is shown in table 5.
TABLE 5
VARIABLES AND LEVELS FOR TEMPERATURE-PARTICLE SIZE FACTORIAL
Level
Factor 1 2 3 U 5 6
Temperature, °F 
Particle size, microns
100
- l .U
200
1.U-U.7
300
U .7-21.0
Uoo
+21.0
500 6oo
For the third factorial, three levels of moisture are tested with the 
six temperatures, and the tests are again replicated to give 36 data points 
in this design. Analysis of variance indicates if moisture and temperature 
have effects on resistivity. The treatment factors and levels are shown 
in table 6.
TABLE 6
VARIABLES AND LEVELS FOR TEMPERATURE-MOISTURE FACTORIAL
Level
Factor 1 2 3 U 5 6
Temperature, °F 100 200 300 U00 500 6oo
Moisture, percent by volume 0 5 10
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Effects of the independent variables used in the variance computations 
were assumed to be model I or fixed effects. This was done because the 
ashes used for testing were limited to those available and were not randomly- 
selected, Temperatures humidity, and particle size were also at fixed 
levels and thus were also considered to be non-random, Calculated F values 
for fixed effects are found by comparing the effect mean square of interest 
to the residual (error) mean square.
Since analysis of variance does not show how changes in the factors 
or in combinations of the factors affect the resistivity, further 
statistical analysis is necessary. Analysis of variance can estimate at the 
significance level selected whether an independent variable influences the 
dependent variable. To obtain a relationship (equation) relating the 
independent and dependent variables, regression analysis is employed. Usually 
regression is used when the independent variables are considered to be 
model III (random). In the present eases the fly ash source was not random 
and was used as a fixed level for statistical inference work. However, actual 
analytical compositions of the ash may be considered random and used in 
regression calculations.
It was decided to run regression using one dependent variable ani| eight 
independent variables and to use a computer for calculation purposes. 
Resistivity was selected as the dependent variable since it is the purpose 
of the regression to determine how much resistivity is affected by such 
things as particle size and composition. As will be shown in the discussion 
of results* the ash composition and particle size have significant 
effects on resistivity^ therefore* the independent variables are the percent 
of particles below 8.2 microns in size and the percentages of the following 
chemical components? Si02s> A120_, Fe^^* CaO, MgO, Na20, and SO^. The 
computer is programmed to repeat^the regression eight times and to drop 
the least significant variable each time. For purposes of computation* 
the regression curve is assumed to be linear although it may not actually 
be. Each regression correlates each variable to all other variables. A 
mean and standard deviation are calculated. Each variable is correlated 
to resistivity, and a regression coefficient and an error of regression 
coefficient are calculated. A statistical t value is given for each variable, 
and an analysis of variance is done for the regression to determine the 
variance due to regression and that due to deviations from regression.
Using the regression coefficients and a calculated intercept, --estimates are 
made of resistivity and compared to the actual values. All of these 
calculations are done each time the computer repeats the regression. To 
show any trends in the regression with temperature, the regression coefficients 
are calculated at temperatures of 100°, 300°, and 600° F.
pThe program used is a multiple regression program which was 
obtained through the Computer Center at the University of 
North Dakota, Grand Forks, North Dakota.
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»CHAPTER VII 
DISCUSSION OF RESULTS
The results of the experimentation will he discussed in following order. 
First, the ash composition comparisons will be discussed, and the meaning of the 
analysis of variance for ash type versus temperature will be explained.
Each ash in the first group of comparisons was tested at five percent 
humidity by volume and at temperatures from 100° to 600° F. Second, the 
size comparisons and analysis of variance will be discussed. The third 
part of the discussion will concern the moisture effects on resistivity 
and the analysis of variance for these results. Last will be the discussion 
of the results of computerized regression on the resistivity data obtained.
Effects of Ash Composition on Resistivity
Using the results from the factorial design for temperature versus 
ash type which are shown in table J ,  an analysis of variance was calculated to 
determine the significance of the effects of temperature and different ash 
types on the resistivity of fly ash. The analysis of variance table is 
given in table 8, Comparing the calculated F values with those given 
for an F distribution shows thsit replication, temperature, ash type, and 
temperature-type interaction are all significant. Replication is only 
barely significant showing that replication of results was not as good as 
it should have been, but that stny error due to replication was comparatively 
small, Temperature, with an F value of over 300, is very significant.
In fact, the analysis of variance plus the graphical analysis show that 
temperatures are the most important factor affecting fly ash resistivity.
Ash type is also very significant which will be supported by the graphical 
analysis showing that varying chemical components of the ash can change 
the resistivity greatly. The temperature-ash type interaction is also 
shown to be significant which lends some support to the effect of 
temperature on the type of conduction mechanism in the ash particle.
Other investigators have also found that temperature, chemical content, 
and temperature-content interaction are statistically significant in 
their effect on resistivity (U)„ Temperature was found to be the most 
important variable.
Since statistical analysis has shown that the type of ash affects 
resistivity, it should be possible to show this affect by comoaring 
ashes of different compositions graphically.
The first composition comparison tested was a high SO-j—high Na20 ash 
versus a low SO^-high Na20 ash. These two ashes are labeled Z-3 and BN-U, 
respectively, and their analyses are listed in table 2. As can be seen 
from the analyses, the major variation between the two ashes is the S0^ 
content which changes from 20.3 to 1.9 percent. There is some variation
2 k
«TABLE T
EXPERIMENTAL RESISTIVITIES AS A FUNCTION OF 
TEMPERATURE AND ASH TYPE
Ash type Replication
Resistivities -1 x 10 1 (ohm-cm)
300° F 200° F 300° F 1+00° F 000l/N 000VO
Z-3 1 1+.23 137 31+80 2980 1+1+1 58.2
2 1+.15 235 1920 1270 156 27. b
BN-U 1 1+.58 32.6 1920 3750 1010 116
2 1+.18 68.5 1510 3620 1220 181+
Z-l 1 5.12 215 8970 21500 6630 955
2 6.03 61+1 13900 15600 5720 1020
V-2 1 6.07 1130 31700 52000 19700 1+1+10
2 6.67 663 271+00 1+1300 18500 5100
V-2 1 6.07 1130 31700 5200 19700 1+1+10
2 6.6 7 663 271+00 1+1300 18500 5100
Bl.M 1 7.68 2210 101+00 8730 271+0 69U
2 7.91 2280 12900 11100 3160 779
GH-3 1 6.89 11+70 19600 371+00 10900 ll+8o
2 5.96 1+82 22500 39100 11800 1830
B-STD 1 3.21 116 1500 975 168 33.8
2 3.29 88.8 1690 Il60 207 1+8.0
BN-1 1 2.U5 21+2 2l+2 26.1 2.3 1.1+
2 1.8U 16.6 159 22.0 2.2 1.3
B—1 1 9.55 1750 33200 591+00 17500 31+80
2 7.39 975 22200 38200 11+500 3160
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*TABLE 8
ANALYSIS OF VARIANCE 
TEMPERATURE AND ASH TYPE
Source
Sura
of
squares
Degrees
of
freedom
Mean
square
Calculated
F
Replicates 23,355,*+35 1 23,355,1+35 l+.83a
Temperature 7,282,880,51+0 5 1,1+56,576,108 300.97a
Ash type 5,U8l,U85,260 9 609,053,917 125.85s
Interaction 5,887,038,760 1+5 130,600,861 26.99s
Error 285,537,865 59 1+,839,625
Total 18,950,317,860 119
F.05 (1,59) = 1+.00
f.05 (5-59) ■ 2.37
F_o5 (9,59) - 2.01+
p.05 (1,5>59) = 1.575
aIndicates significance at a = 0.05
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*in the SiC^ and A1?0 contents of the ashes which could cause some difference 
in resistivity characteristics, hut the large difference in SOg should 
be the major cause of resistivity differences if any, The curves of resistivi 
versus temperature are shown in figure 6, These curves are bell-shaped 
which is characteristic of resistivity-temperature curves, and they peak 
between 300° and U00° F showing that surface conduction changes to volume 
conduction at this point. The curves fall fairly close together indicating 
that SOg has little effect on fly ash resistivity. There appears to 
be some effect at temperatures above 1+00° F where the lower SOg ash had 
higher resistivity by about a factor of 10, This finding seems to be in 
agreement yith that of White who found that S0g conditioning improved precipi­
tation of fly ash, but this S0-. was in the flue gas and probably did not appea 
on the particles in the same form as the S0g in the ashes used for the 
above test (l)„
The second set of curves, shown in Figure 7, is a comparison of ashes 
Z-l and V-2. Z-l is a high S0g-low Na20 ash while V-2 is a low S0_-low 
^ 2© ash. The analyses of these ashes are given in Table 2 and are quite 
similar except for S0_ and Fe_0 . These curves show even better than the 
first two that the low S0_ ash nas higher resistivity, but that the difference 
between the low S0g and high SOg ash is small and may even be insignificant. 
Again both curves peak between 300° and h00° F, and both have a bell shape 
showing the point of change in the conduction mechanism. If Figure 6 is 
superimposed on Figure 7, it can be seen that both of the curves of the ashes 
with low Na20 fall below the curves of high Na2<3 ashes. This indicates that 
sodium may have an effect on ash resistivity and is in agreement with results 
of tests in which only the sodium content of the ashes is varied. These 
results will be discussed further.
Figure 8 shows the comparison of a low CaO ash, Bl.M, and a high CaO 
ash, V-2. These curves are close until 300° F which is Just before they peak. 
After 300° F calcium appears to have an effect with the high calcium ash 
having higher resistivity. Since the effect is noticable on the right side 
of the peak, it can be assumed that calcium influences volume conduction rathe 
than surface conduction and is probably contained in the particle structure 
rather than as a surface feature. A check of the analyses of these two 
ashes throws some doubt on the effect of calcium as there is a Si02 and 
Al20g difference between the ashes. The high CaO ash has the lower amount 
of silicon which would tend to cause the resistivity to be less. The 
indication that the higher CaO ash has lower resistivity is in agreement 
with Durie who says that ashes with higher calcium contents are easier to 
precipitate than those with lower calcium contents (ll). A conclusion 
on the effect of calcium cannot be positively made until more data is 
available.
The effect of silicon on ash resistivity can be seen in figure 9°
The comparison is between a low SiOg ash, B-STD, and a high Si02 ash,
GH-3. Again the shape of the curve is typical with a peak between 300° 
and k00° F. From the analyses of the ashes it can be seen that the only 
major differences between the ashes are the amounts of Si02 and SOg,
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but it has been shown that SOo does not create as much resistivity change as 
appears in the high and low silicon curves. The ash with higher silicon 
has higher resistivity which is expected since silicon is a semiconductor,
A change from 20,1 to 37,0 percent SiO^ , increased resistivity by about a 
factor of 15 at the greatest difference, Durie states that precipitation 
efficiency decreases as the amount of silica plus alumina increases (ll),
A» these same two components increased in the test ashes, resistivity 
also increased. Since high resistivity can be related to poor precipitator 
performance, the results of both experiments support each other. The high 
and low silicon curves tend to become farther apart as the temperature rises 
which would indicate that silicon content affects volume conduction to a 
greater extent than surface conduction. This also would be expected since 
silicon is a major component of the ash particles themselves.
Figure 10 shows the resistivity curves of high and low Na 0 ashes.
The ashes used were BN-1, high Na_0, and B-l, low Na20, There is some 
difference in the FegO- content or these ashes but the major difference is 
in the NagO content which changes from 13,8 to 3»2 percent. The resistivity 
curves for these ashes show the greatest difference of all the comparisons 
made. The graph indicates that sodium could be the most important ash 
constituent in relation to resistivity. The curves are again bell shaped, 
but the peak for the low sodium curve is at about i+00° F while the high 
sodium curve peaks at about 250° F„ This would seem to indicate that sodium 
is a volume feature rather than a surface feature of the ash particles.
The curve for the high sodium ash shows that resistivity is lowered by 
about a factor of 1,000 for the change in sodium content mentioned 
above. This much change could change an ash from one that is difficult to 
precipitate to one that is easy to precipitate.
The results found in this comparison are the same as those found by 
other experimentors. Shale, Holden, and Fasching have shown that the 
effect of sodium content on fly ash resistivity is statistically 
significant (U). Durie found that precipitator performance increased as 
the amount of Na 0 in the fly ash increased (ll). It has also been shown that 
conductivity of glass increases with the sodium content of the glass (U)„
It can be seen that the sodium content of the fly ash is the most 
important composition variable affecting the resistivity in the tests run 
for this paper. Further discussion of the importance of sodium can be 
found in the later section on the computerized regression of the experimental 
data.
Effect of Particle Size on Resistivity
The second area of experimentation carried out was to determine the 
affect of particle size on resistivity. One type of ash, B-STD Run 221, 
was broken down into four different size fractions as has been stated in 
the discussion on experimental design. The resistivity of each size fraction 
was tested at the same temperatures used previously. The results are 
tabulated in table 9 and can be seen in figure 11. It appears that resistivity
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Fig. 11 -  Resistivity vs temperature for different size fractions of 
Beulah standard electrostatic prec ip ita to r ash.
TABLE 9
EXPERIMENTAL RESISTIVITIES AS A FUNCTION 
OF MOISTURE AND SIZE
Size range 
(microns) Replication 100° F 200° F 300° F 1+00° F 500° F 600° F
Ash used vas BSTD Run 221
-1.1+ 1 5.28a 680 1S3U0 210 21+.1+ 25.2
2 5.20 596 1,510 3b0 1+8,1+ 28,1
1.1+-1+.7 1 3.83 153 1,5^0 1+33 70.8 26.1
2 1+.39 282 2,010 593 92.9 27.1+
U.7-21.0 1 U.69 1+37 3,570 2,130 353 U3.3
2 l+.9*+ 667 U ,520 2,700 1+25 50. U
+21.0 1 7.1+7 821+ 2,090 539 31.7 28.1
2 5.23 1,670 6,170 1,570 200 37.3
Percent by 
volume of 
moisture 
in air Replication 100° F 200° F 300° F 000 500° F 600° F
Ash used was BSTD Run 20U
0 1 l,710a 62,500 51,500 l+,960 51+8 62.9
2 M 5 0 69,1+00 1+2,000 7,030 377 50.1+
5 1 3.71 125 2,250 1,1+30 229 1+2.2
2 3.63 159 3,090 2,010 338 59.3
10 1 2.1k 10.13 539 723 ll+3 31+.6
. 2 3.06 13.1+0 728 1 ,01+0 223 1+8.0
&Multiply table values by 10^
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might increase with increasing particle size but the difference in resistivil 
between the smallest and largest sized particles is small and could be 
due to other factors. Each size fraction was chemically analyzed and these 
analyses are given in table 10, The analysis of each fraction is different, 
SiOg and CaO increase with size while Na20 and SO decrease with size.
The chemical changes in the different sizes could^be enough to cause resists 
changes regardless of the size of the particles; therefore, the effect 
of particle size on resistivity cannot be determined graphically without 
further testing.
An analysis of variance was done for the temperature size data and is 
shown in Table 11, Again temperature is shown to be the most important 
variable. This analysis shows size to be significant, but the effect of 
composition on the size is not shown; therefore, the significance of size 
cannot be taken as being entirely correct. There is some temperature-size 
interaction, but this interaction could again be due to composition and in ar 
case is only a minor part of the total variance. Shale, Holden, and 
Fasching found that particle size had very little effect on resistivity (U), 
Durie could find no relationship between particle size and precipitation 
efficiency for different ashes, but he did find that for a given ash the 
finer particles were harder to precipitate (ll)„ He does not say whether 
the smaller particles have higher resistivity or not. The most that can 
be said about the affect of particle size on resistivity is that there 
could be some, but whatever effect there is, is very small. Size effect 
will be discussed further in the regression analysis.
Effect of Moisture on Resistivity
The third section of experimentation was on the effect of moisture 
on resistivity. These results can be seen in Table 9 and in Figure 12, 
and it is immediately obvious that moisture has a large effect. These 
curves can be compared to Figure 1. There is a large decrease in resistivity 
for a moisture increase from 0 to 5 percent by volume. Only a small amount 
of moisture is necessary for conditioning at temperatures below U00° F. 
Moisture effects become small at temperatures above 1+00° F and are negligible 
at 600° F. This is in complete agreement with several authors in the field c 
resistivity (l)(2)(9)(l3). White says that even one percent moisture 
is enough to cause decrease in resistivity at low temperatures (l).
An analysis of variance of the temperature-moisture data, shown in 
table 12, shows moisture to be even more significant than temperature in 
its effect on fly ash resistivity. This fact could be debated, but is 
undoubtedly true for this particular ash sample. There is, in addition, a 
very significant moisture-temperature interaction which, when the earlier 
discussion of conduction mechanisms is considered, seems entirely reasonable, 
since the temperature level would influence the thickness of surface 
films on ash particles.
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TABLE 10
ANALYSIS OF SIZE FRACTIONS USED TO DETERMINE 
THE EFFECT OF PARTICLE SIZE ON RESISTIVITY8-
Size range 
(microns) -1 .1+ 1.U-U.7 1+.7-21.0 +21.0
Total
ash
Si02 1 2 .1 1 U .2 16.8 17 .2 lit. 2
AI2O3 9.8 1 1 . 1 11.7 11 .0 1 1 . 1
Fe2° 3 1+.9 6.8 7.1 20.5 6.1+
Ti02 0.0 0.3 0.3 0.1 0.5
P2°5 0.9 0.9 0.8 0.1+ 0.8
CaO 17.8 22.3 21+.5 17.5 21.0
MgO 5.U 6.1+ 8.1 5.8 6.6
Na20 11+.5 10.0 8.1+ 6.1 10.9
k2o 0.9 0.6 0.5 0.5 0.6
so3 30.1 22.7 18.7 16.8 22.5
Total 96.1+ 95.3 96.9 95.9 91+.6
SIAsh used was B-STD run 221, electrostatic precipitator sample.
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TABLE 11
ANALYSIS OF VARIANCE 
SIZE AND TEMPERATURE
Source
Sum
of
squares
Degrees
of
freedom
Mean
square
Calculated
F
Replicates 1 ,681+,59I+ 1 1,681+, 59*» l+.78a
Temperature 1+7 ,200,020 5 9,1+1+0,001+ 26.8la
Size 6,90U,2l8 3 2,301,1+06 7.67a
Interaction 1 2 ,215,132 15 8lU,3U2 2.31a
Error 8,100,876 23 352,120
Total 76,10U,8U0 u?
F
•.05 * 1+.28
Fe.05 <5,1*7) = 2.6U
F nc (3,1+7) = 3.03•05
F .05 (l5t‘*7) ■■ 2.13
indicates significance at « = 0.05
38
TABLE 12
ANALYSIS OF VARIANCE 
MOISTURE AND TEMPERATURE
Source
Sum
of
squares
Degrees
of
freedom
Mean
squares
Calculated
F
Replicates 3 S000 1 3,000 0.0009
Temperature 2,797,861+, 200 5 559,572,800 1 7 1.68a
Moisture 3,136,989,100 2 1,568,1+9H, 500 l+8l. 23a
Interaction 5,^05,877,900 10 51+0,587,790 16 5.90a
Error 55,1+09,300 17 3,259,371
Total ll,396,lU3,500 35
F.05 (1-1T) - 1+.1+5
F.05 (5>17) = 2.81
F.05 (2-17) = 3.59
F.o5 (10»1T) = 2.1+5
aIndicates significance at or= 0,05.
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Fig. 12 -  Resistivity vs temperature for Beulah standard ash as 
a function of moisture content of the gas.
Regression Analysis
That temperature and moisture have a large effect on ash resistivity 
is obvious from the experiments, but these experiments are not as conclusive 
for the effects of each individual chemical component of the ash on 
resistivity. To give further insight into the influences of composition, 
regression was used to show the contribution of each chemical component and 
of size distribution to resistivity. The variables used are discussed in 
Chapter II,
The regression analysis was performed by computer and was started 
with one dependent variable and eight independent variables. Nine 
experimental tests were used. A regression in nine variables can be 
explained perfectly by nine samples, but this explanation is meaningless 
since no information about error is left. To make regression analysis 
significant, more samples are needed than the number of variates (17).
In the present analysis with nine samples, it would be desirable to express 
resistivity in terms of one or two variables because of the small number 
of samples. To do this the computer starts with nine variables and 
nine samples and performs a regression analysis. The least significant 
variable is dropped and the regression repeated until resistivity is 
explained in terms of one variable. Three regressions were done this 
way using experimental resistivities at 100°, 300°, and 600° F,
The complete correlation for data at 100° F is shown in table 13.
The regression process produced a regression equation containing two 
variables which appeared to be the most significant. This equation is 
R x 10” = -5.30Xg -4.78X^ +125.09. The subscripts of the variables,
X, are the variable numbers given in table 13. In this case it can be 
seen that resistivity can be explained by the magnesium content and 
the sodium content of the ash. The regression analysis is shown in 
table I k . The F value given in the analysis of variance for the 
regression is significant at 0.005 which is a very high significance.
The multiple correlation is 0.95 which is also high. The t values are 
significant at a 0.01 and 0.0005, both of which are again high. The 
actual resistivities and those calculated from the regression equation 
are compared in table 15.
Complete correlation at 300° F is shown in table 13. Regression 
analysis at this temperature yields a regression equation based on 
sodium alone as the most significant. This equation is R x 10” =*
•21.8UX- +267.37, and the values calculated from this equation are 
compared to the experimental resistivities in table 16. The analysis of 
variance for the regression given in table 17 shows an F value which is 
significant at a - 0.05. The t value for sodium is significant at 0.025 
which is high, but the multiple correlation of 0.70 is not as high as 
would be desired.
41
►COMPLETE CORRELATION OF VARIABLES
TABLE 13
Variable No. Variable
Correlated
variables
100° F
Correlation 
300a F 600° F
Dependent
1
Independent
2
3
1+
5
6
7
8 
9
2
2
2
2
2
2
2
2
Resistivity
SiOp
Fe20_
CaO J
MgO
Na20
so3
-8,2 micron
1
1
1
1
1
1
1
1
2
3
k
5
6
7
8 
9
1.000
0.1+81+
O.U98
0.213
0.136
-0.1+19
-0.857
-0.321
-0.723
1.000
0.298
0.131+
-O.Ol+O
0.395
-0.131+
-0.699
-0.367
-0.1+31
1.000
0.120
0.011+
- 0.122
0.551
0.0U1
-0.597
-0.336
- 0.316
Correlation of Independent Variables with Each Other 
J Correlation I J Correlation
2
3
1+
5
6
7
8 
9
1.000
0.693
- 0 . 1+20
-0.607
-0.501+
-0.259
-0.735
-0.7l*l*
1+
1+
1+
5
5
5
5
5
7
8 
9
5
6
7
8 
9
-0.211+
0.326
- 0 .081+
1.000
0.1+87
- 0.316
0.186
0.281
TABLE lH
REGRESSION AT 100° F
Variable
No. Mean
Standard
deviation
Correlation 
X vs. R
Regression
coefficient
Std. error 
of reg. coef
Computed 
t value
6 7.30 1.58 -0.1+2 -5.31 1.75 -3.03
7 6.77 3.71 4).86 -1+.78 0.75 -6.41
Dependent
1 54.02 20.89
Intercept 125.09
Multiple correlation 0.95
Std. error of estimate 7.82
Analysis of Variance for the Regression
Degrees Sura
of of Mean
Source freedom squares square F value
Attributable to regression 2 3,124.03 1 ,562.02 25.55
Deviation from regression 6 366.82 6l.14
Total 8 3,490.85
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TABLE 15
EXPERIMENTAL AND REGRESSION
RESISTIVITIES AT 100° F
Experimental
resistivity
Resistivity from 
regression equation Residual
Ul.90 1+7.28 -5.38
1+3.80 3U.1+9 9.31
55.80 60.8l -5.01
6 3.70 60.28 3.1+2
78.00 85.71 -7.71
6U. 30 56.73 7.57
32.50 37.20 -1+.70
84.70 77.1+3 7.27
21.50 26.27 -4.77
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TABLE 16
EXPERIMENTAL AND REGRESSION 
RESISTIVITIES AT 300° F
Experimental
resistivity
Resistivity from 
regression equation Residual
27.00 83.89 -56.89
17.20 1+2.39 -25.19
lll+.l+O 182.18 -67.78
295.50 182.18 113.32
116.50 206.21 -89.71
210.50 110 .10 100.1+0
16.00 105.73 -89.73
277.00 197. vr 79.53
2.00 -31+.06 36.06
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TABLE IT
REGRESSION AT 300° F
Variable
No. Mean
Standard
deviation
Correlation 
X vs. R
Regression
coefficient
Std, error 
of reg. coef.
Computed 
t value
7 6.77 3.71 -0.70 -21,84 8.46 -2.58
Dependent
1 119.57 116.00
Intercept 267.37 
Multiple correlation 0.70 
Std. error of estimate 88.73
Analysis of Variance for the Regression
Source
Degrees 
of freedom
Sum of 
squares
Mean
square F value
Attributable to regression 1 52,527.29 52,527.29 6.67
Deviation from regression 7 55,110.90 7,872.98
Total 8 107,638.19
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Table 13 again shows the complete correlation at 600° F, Thg best 
regression equation is again based on sodium alone and is R x 10” =
-27.13X~ +313.1+80 Table 18 shows an F value which is significant at 
a = 0.10 and a t value which is significant at at = 0„05. These lvalues 
show that the regression equation can be used with a high level of 
confidence. The multiple correlation at 600° F is not very good which 
does throw some doubt into the regression equation. The values calculated 
from the regression equation are compared to experimental values in table 19.
At all three temperatures sodium is shown to be the most important 
variable and the regression analysis at the three temperatures also shows 
the order of importance of the variables used. At 100° F the three 
most important variables in order of decreasing importance are sodium 
content, magnesium content, and size distribution. At 300° F they are 
sodium content, sulfur content, and aluminum content. At 600° F they 
are sodium, sulfur, and silicon.
At all three temperatures there is a high error of estimate. It 
would be much better if many more ash samples had been tested. This would 
allow more variables to be used and would have given more accurate 
regression equations. It also may be possible that the data would fit a 
regression equation which is not linear.
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TABLE 18
REGRESSION AT 600° F
Variable
No. Mean
Standard
deviation
Correlation Regression Std. error 
X vs. R coefficient of reg. coef.
Computed 
t value
7 6.77 3.71 -o.6o -27.13 13.78 -1.97
Dependent
1 129.88 168.57
Intercept 313.W
Multiple correlation 0.60
Std. error of estimate 144.56
Analysis of Variance! for the Regression •
Degrees Sum of Mean
Source of freedom squares square F value
Attributable to regression 1 81,056.88 81,056.88 3.88
Deviation from regression 7 146,281.81 20,897.40
Total 8 227,338.69
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TABLE 19
EXPERIMENTAL AND REGRESSION 
RESISTIVITIES At 600° F
Experimental
resistivity
Resistivity from 
regression equation Residual
Ho30 85.56 -81.26
15.00 3U.01 -19.01
98.80 207.66 -108.86
HT5c50 207.66 267.84
73o60 237.51 -163.91
165.50 118 .12 U7.38
UolO 112.69 -108.59
332„00 226.65 105.35
0,10 -60.96 61.06
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS
The results of experimentation have shown that resistivity of fly ash 
from Western coals is affected strongly by temperature and moisture 
conditions as is resistivity for many other types of dusts. Na?0 appears 
to be the most important chemical component of the ash in its arfect on 
resistivity. Fly ashes with higher sodium content generally have lower 
resistivity if other variables are constant. Other ash components which 
appear important are S0^s Al^O^, and SiO^.
The effect of particle size on resistivity is not conclusive. More 
investigation of these effects is necessary. The change in composition of 
the ash with size also needs further investigation. It may be possible 
that the effect of size on resistivity is actually a chemical effect.
The equipment used for resistivity measurement performed satisfactorily, 
and results were usually consistent except at 200° F. Replication difficulties 
at this temperature were probably due to changing surface conditions of the 
ash particles.
There are two parts of the experimental process which could be improved. 
One is temperature control. This was done by hand which is distracting and 
a waste of time. Easier control could probably be achieved by regulating 
the power to the strip heaters rather than by using full power for short 
periods of time. The second needed improvement is humidity control. The 
present system could probably be used if humidity could be constantly 
monitored. This would allow the effect of small moisture changes to be 
seen.
Further resistivity research should be towards correlating resistivity 
to the performance of electrostatic precipitation. The resistivity 
measurement method used here should be compared to an "in-situ" method, and 
both should be correlated to precipitator performance. Resistivity should 
be found for a large number of ashes and under a wide variety of conditions, 
and these results should be analyzed by regression to attempt to find a 
formula which can satisfactorily predict resistivity for fly ashes from low- 
rank coals under any conditions. To further this idea, it would be very 
advantageous to develop a formula or set of formulas which could predict 
precipitator performance for a given coal type and a given set of operating 
conditions. This would mean correlating coal, type to the properties 
of its ash, an additional area of study.
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